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It is thought that the world coal reserve is close to 150 years, which only includes recoverable reserves using
conventional techniques. Mining is the typical method of extracting coal, but it has been estimated that only 15%
to 20% of the total coal resources can be recovered in this manner. If unrecoverable coal is considered in the
reserves, the lifetime of this resource would be greatly extended, by perhaps a couple hundred years. Mining
involves a large amount of time, resources, and personnel and contains many challenges such as drastic changes in
landscapes, high machinery costs, elevated risk to personnel, and post-extraction transport. A new type of coal
extraction method, known as underground coal gasification (UCG), that addresses most of the problems of coal
mining is being investigated and implemented globally. UCG is a gasification process applied to in situ coal seams.
UCG is very similar to aboveground gasification where syngas is produced through the same chemical reactions
that occur in surface gasifiers. UCG has a large potential for providing a clean energy source through carbon
capture and storage techniques and offers a unique option for CO2 storage. This paper reviews key concepts and
technologies of underground coal gasification, providing insights into this developing coal conversion method.
Keywords: underground gasification, in situ coal gasification, UCG, clean energy, coal technology, carbon captureReview
Introduction
The global energy supply is comprised of many different
sources, including fossil fuels, uranium, and various al-
ternative and renewable sources. Currently, over 85% of
the global energy supply is derived from fossil fuels, and
a high fossil fuel dependency appears likely to remain in
the immediate future [1]. The amount of energy
required globally is projected to increase due to growing
population and industrialization [2,3]. Some feel that the
total primary energy demand will double or even triple
by the year 2050 relative to levels today, and as the en-
ergy demand continues to increase, future fossil fuel
shortages are predicted [4,5].
Hammond [6] argues that fossil fuel depletion is a sig-
nificant factor when considering sustainable energy sys-
tems for the future. Fossil fuel resources are finite and
being consumed rapidly, beginning with the most eco-
nomically attractive resources [7]. In the future, fossil
fuel resource extraction and production rates are* Correspondence: marc.rosen@uoit.ca
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provided the original work is properly cited.expected to peak and begin to decline [7]. Oil produc-
tion is predicted to peak in 5 to 15 years and gas pro-
duction within 40 years, with significant exhaustion of
oil and gas reserves by the years 2050 and 2070, respect-
ively [4,8]. As fossil fuel demand approaches supply
levels, the cost of energy is anticipated to increase dras-
tically, prompting research and technological develop-
ments for improved ways to convert more fossil fuel
resources into useable reserves [9].
Currently, coal generates 41.5% of the world’s electri-
city and provides 26.5% of global primary energy needs
[1]. Coal has the largest reserves in the world of the fos-
sil fuels and is abundant in many countries. It is thought
that the world’s recoverable coal reserve is close to
150 years at current production rates, but this only
represents 15% to 20% of the entire resource [8].
Remaining global coal resources have recently been esti-
mated to be 18 trillion tonnes [10]. This contrasts sig-
nificantly with the typical figure of tens of billions of
tonnes for recoverable reserves [4]. If unrecoverable coal
is considered in the recoverable reserves, the lifetime of
the resource could be extended by a couple hundreddistributed under the terms of the Creative Commons Attribution License
hich permits unrestricted use, distribution, and reproduction in any medium,
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techniques need to be implemented.
Coal is conventionally extracted by mining, both
underground and open pit. Mining operations require
much time, personnel, and natural resources; typically,
coal reserves lie too deep underground, or are otherwise
too costly, to exploit using conventional mining meth-
ods. Conventional mining also has other issues including
land subsidence, high machinery costs, hazardous work
environments, coal transport requirements, localized
flooding, and methane buildup in cellars of nearby
homes [11].
Underground coal gasification (UCG) is a newer type
of coal extraction that is being investigated and imple-
mented around the world and that avoids most of the
problems of mining coal. UCG involves the conversion
of unmined coal, where coal seams are gasified, without
mining, and synthetic gas (syngas) is produced for use in
power generation or as chemical feedstock [12]. UCG
limits the amount of underground work required by
personnel, lowering risks of harm relative to conven-
tional mining. Power generation and chemical proces-
sing plants can be built directly above a coal resource
and use syngas produced through UCG, avoiding coal
transport. UCG has the ability to significantly widen the
resource base, where the energy contained within in-
accessible coal reserves, considered uneconomical for re-
covery, could be recovered using UCG [11]. It has been
estimated by the Underground Coal Gasification Part-
nership that around 4 trillion tonnes of otherwise un-
usable coal could be suitable for UCG [9].
UCG is appealing for expanding recoverable coal
reserves, but as with the combustion of all fossil fuels,
there are associated greenhouse gas emissions. Coal is
the most carbon-intensive of all fossil fuels and has high
associated CO2 emissions [4]. The calorific value of fossil
fuel sources varies, with typical values of 50 GJ/tonne
for natural gas, 45 GJ/tonne for crude oil, and 30 GJ/
tonne for coal [4]. Hence, coal has the highest CO2
emissions per unit of thermal energy produced [13]. If
coal is to become a major contributor in the future glo-
bal energy supply, CO2 capture and storage techniques
would need to be incorporated in the process. UCG has
good potential for CO2 reduction. During gasification,
CO2 is produced, which can be captured from the syn-
gas and stored for long terms. If UCG is successfully
linked to such carbon capture and storage (CCS), a
method will be available for exploiting the energy in pre-
viously unrecoverable coal reserves while satisfying stan-
dards for reducing CO2 emissions.
The aim of this paper is to review key areas and tech-
nologies for underground coal gasification so as to
provide insights into this developing coal conversion
method.Underground coal gasification
Brief UCG history
The concept of coal gasification has been recognized for
more than 200 years and was first used during the late
1800 s to produce town gas fuel for heating and lighting
applications [14]. Today, coal gasification is primarily
used to provide fuel for advanced power plants and
chemical feedstocks for use in the chemical industry [9].
Conventionally, coal is extracted from the ground
through mining, processed, transported, and then gasi-
fied in a surface gasifier unit to produce syngas. Under-
ground coal gasification is a combined extraction and
conversion process.
Experimentation on UCG was first performed in 1912
by Sir William Ramsay in England [4]. The experiments
demonstrated the potential of UCG, but Ramsay’s work
was interrupted by the First World War. After the war,
further UCG research did not continue, since coal was
relatively inexpensive and available through conventional
mining techniques in Western Europe [4]. The former
Soviet Union was the first to begin considerable research
and development programs with respect to large-scale
UCG systems in the 1930s [15,16]. UCG technology was
first utilized within commercial operations by the former
Soviet Union for heating and power generation applica-
tions, which has continued to implement these systems
for over 50 years [17]. Even though UCG has the appear-
ance of being commercially mature, the technology from
the former Soviet Union has been gaining interest only
recently, with a rapid increase in the number of pilot
plants throughout the rest of the world over the last dec-
ade. There are many commercial projects entering pilot
plant phase and undergoing study, in Australia, New
Zealand, the USA, India, Pakistan, Canada, and Italy.
National research programs are being reconsidered in
the USA and the UK, after preliminary systems failed to
reach commercial maturity. As of 2008, the number of
UCG trials includes 200 in the former Soviet Union, 33
in the USA, and approximately 40 distributed between
South Africa, China, Australia, Canada, New Zealand,
India, Pakistan, and Europe [17,18].UCG concepts and technology
UCG is similar to surface gasification [19], with syngas
produced through the same chemical reactions [12]. The
main difference is that surface gasification occurs in a
manufactured reactor whereas the reactor for a UCG
system is a natural geological formation containing
unmined coal [19,20]. UCG also has similarities to in
situ combustion processes applied in heavy-oil recovery
and oil shale retorting, with such common operational
parameters as roof/floor stability, seam continuity and
permeability, and ground water influx [19,21].
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involves an arrangement of injection and production
wells drilled into coal seams. The coal is ignited and
compressed gasification agents are fed into the coal
seam through injection wells which triggers and controls
an in situ sub-stoichiometric combustion process, pro-
ducing syngas [22]. Syngas is extracted using production
wells and is processed for use [17]. Suitable gasifying
agents include air, oxygen, steam/air, and steam/oxygen
[23]. The main difference between using oxygen and at-
mospheric air is that utilization of oxygen increases the
heating value of the syngas [24], but producing pure
oxygen requires additional energy and resources.
Coal ignition is initiated through the use of an electric
coil or gas firing near the face of the coal seam. Continu-
ous oxidant flow through the injection well allows for
gasification to be sustained [1]. The temperature of the
gasification process is maintained through varying the
oxidant flow to the reactor [23]. In UCG systems, the
temperature of the coal face can reach temperatures in
excess of 1,500 K [24,25].
Various chemical reactions, temperatures, pressures,
and gas compositions exist at different locations within a
UCG gasifier. The gasification channel is normally
divided into three zones: oxidization, reduction, and dry
distillation and pyrolysis [26,27]. In the oxidization zone,
multiphase chemical reactions occur involving the oxy-
gen in the gasification agents and the carbon in the coal.
The highest temperatures in the gasifier occur in the
oxidation zone, due to the large release of energy during
the initial reactions [28]. The following reactions occur
in the oxidation zone:
CþO2 ! CO2 þ 393:8 kJ ð1ÞR
Dry Distillation and
Gasification Ch
Figure 1 Schematic of in situ underground coal gasification process (2CþO2 ! 2COþ 231:4 kJ ð2Þ
2COþO2 ! 2CO2 þ 571:2 kJ: ð3Þ
In the reduction zone, the main reactions involve the
reduction of H2O(g) and CO2 into H2 and CO at high
temperatures within the oxidation zone [26]. The follow-
ing endothermic reactions occur in the reduction zone
[21,28]:
Cþ CO2 ! 2CO 162:4 kJ ð4Þ
CþH2O gð Þ ! COþH2  131:5 kJ: ð5Þ
Under the catalytic action of coal ash and metallic oxi-
des, a methanation reaction occurs:
Cþ 2H2 ! CH4 þ 74:9 kJ: ð6Þ
The energy terms, within the above equations, repre-
sent the amount of energy released or consumed during
each reaction with the stoichiometric coefficients in
equations representing moles. Equations 1 to 6 are taken
from [21] and [28]. The endothermic reactions in the re-
duction zone decrease the temperature in the gasifica-
tion channel to below that required for the reduction
reactions.
Within the distillation (pyrolysis) zone, the coal seam
is decomposed into multiple volatiles including H2O,
CO2, CO, C2H6, CH4, H2, tar, and char [21,28]. At the
exit of the gasification channel, the volatile composition
of the syngas consists mostly of CO, H2, and CH4. The
UCG process can also have other products, including
H2S, As, Hg, Pb, and ash [27,29,30]. The composition of
syngas is highly dependent on the gasification agent, air
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direction of the air flow, ensuring continuous gasifica-
tion reactions [21]. A distinguishing feature of UCG,
compared to surface gasification, is that drying, pyroly-
sis, and char gasification occur simultaneously within
the coal [26].
By-products of the UCG process pose an environmen-
tal hazard to the local surroundings through leaching of
organic and inorganic materials into groundwater.
Environmental data were first made available after later
trials in the USA, including Hanna and Hoe Creek UCG
trials, for which groundwater contamination monitoring
was conducted before, during, and after gasification. The
results illustrated that at shallow depths, UCG can pose
a significant risk to groundwater in adjacent strata [30].
Groundwater pollution around UCG zones is mainly
caused by one of the following mechanisms: dispersion
and penetration of the pyrolysis products of the coal
seam to the surrounding rock layers, the emission and
dispersion of high contaminants with gas products after
gasification, and migration of residue by leaching and
penetration of groundwater [30]. In addition, the
escaped gases such as carbon dioxide, ammonia, and
sulfide may change the pH value of the local strata if
dissolved.
The entire process is confined to the space of the coal
seam and is sealed from the surface by natural geological
formations or man-made barriers; the coal seam and
strata serve, to some extent, as a natural groundwater
cleaning system. In general, systems have active pressure
control, in which the cavity pressure is held in equilib-
rium or below that of the surrounding strata [17,30].
The pressure difference induces flow into the reactor
space, which inhibits gasification products from leaking
away from the cavity [33,34].
The quality of the product gas is influenced by several
parameters - such as the pressure inside the coal seam,
coal properties, feed conditions, kinetics, and heat and
mass transport within the coal seam - and the product
of the UCG process is a multi-compound, high-
temperature, and high-pressure syngas [1]. When the
syngas reaches the surface, it is cleaned and undesired
by-products are removed from the product stream [24].
Removal techniques are similar to those used with sur-
face gasifiers. Once the by-products are removed, they
can be disposed of safely, or used for other chemical
processes [16]. The degree of cleaning required is
dependent on the use of the syngas; syngas is cleaned
either to meet the specification for input into a gas
turbine (for electricity generation) or to be of sufficient
purity for use as a chemical feedstock for conversion to
synthetic fuels [20].
Methods for UCG. Two standard methods of preparing
a coal seam for gasification have been utilized successfully:shaft and shaftless. The method implemented is dependent
on parameters such as the natural permeability of the coal
seam, geochemistry of the coal, seam thickness, depth,
width and inclination, proximity of urban developments,
and the amount of mining desired [34].
1. Shaft UCG methods. Shaft methods use coal mine
galleries and shafts to transport gasification reagents
and products, which sometimes entail the creation of
shafts and the drilling of large-diameter openings
through underground labor [34]. The shaft method
was the first technique utilized within UCG systems.
Currently, the shaft method is only employed in
closed coal mines due to economic and safety
reasons [34]. The following are examples of common
UCG shaft methods: Chamber or warehouse method. This method
utilizes constructed underground galleries with
brick walls separating coal panels. Gasification
agents are supplied to a previously ignited coal
face on one side of the wall, and the syngas is
removed from a gallery on the other side. The
chamber method strongly relies on the natural
permeability of the coal seam to allow for
sufficient oxidant flow through the system. The
syngas composition may vary during operation,
and the gas production rates are often low. To
improve system output, coal seams are often
outfitted with explosives for rubblization prior to
the reaction zone [21].
 Borehole producer method. For this method,
parallel underground galleries are created within a
coal seam with sufficient distance between them.
The galleries are connected by drilling boreholes
from one gallery to the other [34]. Remote electric
ignition of the coal in each borehole is used to
initiate the gasification process. This method is
designed to gasify considerably flat-lying seams.
Some variations exist where linking of the galleries
is accomplished through hydraulic and electric
linking [21,34].
 Stream method. This method is designed for
sharply inclined coal beds. Parallel pitched
galleries following the contour of the coal seam
are constructed and are connected at the bottom
of the seam by a horizontal gallery also known as
a fire-drift. To initiate gasification, fire is
introduced within the horizontal gallery. The hot
coal face moves up the seam slope with oxidant
fed through one inclined gallery and syngas
leaving through the other. The main advantage of
this method is that the ash and roof material drop
down to fill the void space created during the
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gasification process at the coal front [21].
 LLT gasification method. This method utilizes
mined tunnels or constructed roadways to
connect the injection well to the production well
[4]. Typical long and large tunnel (LLT) systems
consist of a gasification channel, two auxiliary
holes, and two auxiliary tunnels (Figure 2). The
auxiliary holes are arranged between the injection
and production wells and are used as malfunction
holes for the injection of air and water vapor, or
to discharge gas for added gasifier control. LLT
also includes an auxiliary tunnel constructed of
bricks, which is an auxiliary installation for air
injection that prevents blockage in the gasification
channel. The mined tunnels are isolated by sealing
walls to prevent leakage of combustible gases from
the gasifier [35]. The location and height of the
oxidant injection points and gas outlet points can
be adjusted, allowing for two-dimensional control
of oxidant injection and gas production [28].
2. Shaftless UCG methods. Recently, most of the focus
of research has been on the shaftless methods, which
employ directional drilling techniques [6]. The
preparation of a reactor for the directional drilling
technique consists of the creation of dedicated in-
seam boreholes for oxidant injection and product
collection using drilling and completion technology
that has been adapted from oil and gas production.
With shaftless methods, all preparation and operational
processes are carried out through a series of boreholes
drilled from the surface into a coal seam and do not require
underground labor. Preparation of a shaftless reactor con-
sists of the creation of dedicated in-seam boreholes for
oxidant injection and product collection using drilling and
completion technology that has been adapted from oil and
gas production [34]; the approach generally includes dril-
ling inlet and outlet boreholes into a coal seam, increasingFigure 2 Schematic of the structure of a LLT underground
gasifier (modified from [28]).the coal permeability between the inlet and outlet bore-
holes, igniting the coal seam, introducing an oxidant for
gasification, and extraction of the product gas from the out-
let well [21]. Currently, there are two main classifications of
shaftless UCG methods: linked vertical well (LVW) and
controlled retractable injection point (CRIP).
 LVW method. The LVW method is one of the oldest
methods for UCG and is derived from technology
developed in the former Soviet Union [16]. Vertical
wells are drilled into a coal seam, and internal
pathways in the coal are utilized to direct the
oxidant and product gas flow from the inlet to the
outlet borehole. Internal pathways can be naturally
occurring or constructed [35]. In its simplest form,
the LVW method has inlet and outlet borehole
locations that are static for the life of the system.
During operation, the coal face migrates and it is
found that system control, performance, and syngas
quality are affected negatively as the distance from
the coal face to the oxidant injection point increases
[4]; this factor greatly reduces the feasibility of
simple LVW systems.
A more advanced LVW approach involves a series of
dedicated injection boreholes located along the length of
a coal seam [21]. Over the life of a UCG reactor, the coal
face, being gasified, travels as localized coal is exhausted
[4]. Having multiple boreholes for injection allows for
improved static operating conditions. A more complex
variation of the LVW method also exists where multiple
inlet and outlet boreholes are drilled into a coal seam,
forming inlet and outlet borehole pairs. Parallel inlet and
outlet manifolds are connected to the boreholes to pro-
vide a path for oxidant and syngas flows, respectively.
Coal between each pair of inlet and outlet boreholes
forms a zone. When the coal in a zone has been
exhausted, new boreholes are drilled in a location of
fresh coal, forming new zones [21].
Low-rank coals, such as lignites, have considerable nat-
ural permeability and can be exploited for UCG without
the need for linking technologies. However, high-rank coals,
such as anthracites, are far less permeable, making the gas
production rate more limited if UCG is employed [35]. For
the use of high-rank coals in UCG, a method of linking
must be employed to increase the permeability and fracture
the coal seam [36]. The boreholes in traditional LVW gasi-
fiers are linked by special methods including forward com-
bustion, reverse combustion, fire linkage, electric linkage,
hydrofracturing, and directional drilling to create sizable
gasification channels [35,37].
 Controlled retractable injection point. Over the span
of a coal seam, the geometry may change, resulting
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[38]. In the past, this problem was solved by having
multiple injection and/or production wells so that
static operating conditions could be accomplished
through moving the gasifier zones to fresh coal [16].
CRIP offers an alternative approach where the
vertical injection well is not moved, but the injection
point is moved within the coal seam to fresh coal
when necessary [39].
The CRIP method relies on a combination of conven-
tional drilling and directional drilling to access the coal
seam and physically form a link between the injection
and production wells, without the use of linking tech-
nologies utilized in LVW methods [38]. A vertical
section of injection well is drilled to a predetermined
depth, after which directional drilling is used to expand
the hole and drill along the bottom of the coal seam cre-
ating a horizontal injection well [40]. At the end of the
injection well, a gasification cavity is initiated in a hori-
zontal section of the coal seam, creating a localized re-
actor. The CRIP system utilizes a burner attached to
retractable coiled tubing which is used to ignite the coal
[39]. The burner burns through the borehole casing to
ignite the coal. The ignition point can be moved to any
desired location along the horizontal injection well for
the creation of a new gasification cavity after a deterior-
ating reactor has been deserted [38]. Typically, the injec-
tion point is retracted using a gas burner, which burns a
section of the liner at a desired location [39]. In this
manner, accurate control of the gasification process can
be obtained. This UCG method has gained popularity in
Europe and the USA, but the use of the CRIP method
for UCG is fairly new and currently has not become
commonly employed [4].
UCG with CO2 capture and storage
All fossil fuels emit CO2 when combusted. Currently,
coal has the highest CO2 emissions, per unit energy pro-
duced, of the fossil fuels used in combustion [13,41]. To
maintain and expand the use of coal, implementation of
CCS technologies is becoming imperative.
CO2 capture can be performed in three main fashions:
pre-combustion, post-combustion, and oxy-firing [42]. A
broad range of technology options are available for
capturing CO2 including physical absorption, chemical
absorption, membrane separation, and cryogenic separ-
ation [42,43]. Within UCG, the syngas compositions,
temperatures, and pressures of production streams at
the exit of a production well are comparable to those of
surface gasifiers, which allow similar methods of CO2
capture. Due to similarities, it is believed that UCG syn-
gas could take advantage of separation using physical
sorbents, within a pre-combustion arrangement, whichhas costs comparable to capture technologies commonly
utilized in integrated gasification combined cycles [4,12].
Post-combustion methods are also applicable and would
be directly comparable in terms of cost and performance
to typical post-combustion systems utilized in power
plants. Oxy-firing options are possible for UCG as well,
and within a power generating scenario, an air separ-
ation unit can generate O2 streams for injection into the
UCG and for use in an oxy-fired plant utilizing the
syngas [12].
The spatial coincidence of geological carbon storage
(GCS) options with UCG opportunities suggests that
designers could colocate and combine UCG and GCS
systems with high potential for effective CO2 storage
[18]. In general, these storage options would be the same
for conventional carbon sequestration operations, in-
cluding saline formations and mature oil and gas fields
[44]. For UCG-CCS utilizing conventional sequestration
options, there could exist common interests in site
characterization and monitoring between UCG and CCS
projects, where work performed during the design and
implementation of one project could be used within the
other. Coordinating UCG and CCS designs would im-
prove economics for both projects.
If UCG and CCS are coupled, there is an attractive
carbon management scheme associated, where most of
the expected CO2 emissions are sequestered back into a
coal seam void that has been recently created by spent
subsurface reactors through existing injection and pro-
duction wells [13,21]. When voids are created, they typ-
ically collapse, similar to voids produced during longwall
coal mining, leaving zones of artificial breccias with high
permeability. Suitable containment zones prevent verti-
cal flow of CO2 to the surface, where storage locations
are isolated from the surface by low-permeability strata
(known as seals or caprocks, often shales or evaporites)
[4,45]. For a spent UCG system to accommodate CO2
storage, the void must be at depths below approximately
800 to 1,000 m [44-46]. These depths are required so
that supercritical pressures and temperatures exist that
allow the CO2 density to be high enough (approximately
500 to 700 kg/m3) to limit the storage volume required
[45].
The UCG-CCS approach, if successful, could offer an
integrated energy recovery and CO2 storage system,
which exploits a new sequestration resource created dur-
ing operation. A significant challenge with CCS is its
large energy requirement [47], of which a considerable
portion is consumed during CO2 capture and compres-
sion [48]. The pressure after compression is generally
high enough to allow for a reduction in pressure during
transport while allowing the fluid to be in a liquid state
[9]. If CO2 storage is accommodated in spent UCG
reactors, CO2 transport and compression requirements
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ventional CCS financial budget, which can be lowered
with a self-contained UCG-CCS project, through
reduced piping and shipping requirements associated
with long-distance transport [18]. A large portion of the
budget for a CCS project is allotted for CO2 storage, typ-
ically 10% to 30%, most of which is used for geological
and geophysical studies and drilling injection wells
[18,48]. These tasks are commonly completed during
UCG construction and would not need to be repeated
for the implementation of CCS, thus reducing system
cost relative to conventional storage methods [18].
As of 2009, it remains unclear if CCS using UCG-
produced voids is viable [44]. Until recently, this alterna-
tive has received little attention, and there remains
substantial scientific uncertainty associated with the
technological challenges and environmental risks of
storing CO2 in this manner [13,44]. For full-scale
commercialization, extensive research and development
is needed to alleviate the uncertainties. Currently, CO2
sequestration is under development internationally by
such organizations as the Intergovernmental Panel on
Climate Change and Carbon Sequestration Leadership
Forum [13].
Conclusions
Although the earth is an abundant source of coal, a sig-
nificant amount is currently unrecoverable. With the
introduction of UCG, recoverable coal reserves can be
expanded by possibly a couple hundred years. Coal is
likely to remain used in many countries, increasing the
needs for new technologies that permit more environ-
mentally benign extraction and utilization. Wide-scale
use of UCG is such a technology option, with the syngas
it produces usable as a fuel. Fossil fuels typically utilized
in power production could then be used for other pur-
poses, which would result in large reductions in their
consumption rates.
UCG offers a coal extraction and conversion method
in a single process that avoids many of the challenges
associated with conventional mining practices. UCG has
a high potential for integration with CCS using conven-
tional methods utilized in power production due to simi-
larities with surface gasifier units. UCG also has the
potential to store CO2 within voids created during its
operation, which reduces the need for transport and
storage site identification. In essence, UCG could pro-
vide a cost-effective, near-zero-carbon, energy source
through the use of a self-contained system with a closed
carbon loop.
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